The development of biomolecular devices that interface with biological systems to reveal new insights and produce novel functions is one of the defining goals of synthetic biology. Our lab previously described a synthetic, riboregulator system that affords for modular, tunable, and tight control of gene expression in vivo. Here we highlight several experimental advantages unique to this RNA-based system, including physiologically relevant protein production, component modularity, leakage minimization, rapid response time, tunable gene expression, and independent regulation of multiple genes. We demonstrate this utility in four sets of in vivo experiments with various microbial systems. Specifically, we show that the synthetic riboregulator is well suited for GFP fusion protein tracking in wildtype cells, tight regulation of toxic protein expression, and sensitive perturbation of stress response networks. We also show that the system can be used for logic-based computing of multiple, orthogonal inputs, resulting in the development of a programmable kill switch for bacteria. This work establishes a broad, easy-to-use synthetic biology platform for microbiology experiments and biotechnology applications.
The development of biomolecular devices that interface with biological systems to reveal new insights and produce novel functions is one of the defining goals of synthetic biology. Our lab previously described a synthetic, riboregulator system that affords for modular, tunable, and tight control of gene expression in vivo. Here we highlight several experimental advantages unique to this RNA-based system, including physiologically relevant protein production, component modularity, leakage minimization, rapid response time, tunable gene expression, and independent regulation of multiple genes. We demonstrate this utility in four sets of in vivo experiments with various microbial systems. Specifically, we show that the synthetic riboregulator is well suited for GFP fusion protein tracking in wildtype cells, tight regulation of toxic protein expression, and sensitive perturbation of stress response networks. We also show that the system can be used for logic-based computing of multiple, orthogonal inputs, resulting in the development of a programmable kill switch for bacteria. This work establishes a broad, easy-to-use synthetic biology platform for microbiology experiments and biotechnology applications. gene expression | kill switch | RNA engineering | synthetic biology | systems biology S ynthetic biology seeks to reprogram organisms to alter natural biological behavior or perform novel functions, using engineered gene circuits, pathways, and whole genomes (1) (2) (3) (4) (5) (6) (7) (8) . Engineered gene circuits, in this regard, are typically constructed by assembling well-characterized biological components into unique architectures to achieve these unnatural capabilities, which are commonly used in biotechnology applications. A need also exists for synthetic biomolecular devices that interface with endogenous systems to track, probe, and influence, rather than reprogram, cellular physiology. Synthetic gene expression platforms that could accomplish this task would be well suited for use in a wide variety of phenotypic and genetic analyses aimed at expanding our knowledge of natural biomolecular components and networks, as well as enhancing our understanding of network dynamics under an array of conditions.
In this work, we showcase an engineered riboregulator system that controls gene expression posttranscriptionally through highly specific RNA-RNA interactions (9) . RNA molecules are useful components in synthetic biomolecular devices (10, 11) due to their large sequence space, the number of unique structures that can be adopted, the predictability of structure stability, and the range of functions enabled by these structures. Together, these features make RNA molecules ideal for interfacing with biological systems given that they can be used to control gene expression, sense biomolecules, and serve as foundational devices that can perform complex cellular behavior. As such, the engineered, RNA-based device space is remarkably diverse. Other successful examples include independent transcription-translation networks based on orthogonal mRNA-ribosome pairs (12) , riboswitches in which RNA aptamers directly control translation (13) (14) (15) , riboswitches composed of interacting RNA aptamers and mRNA destabilizing ribozymes (16, 17) , and RNA-based transcription factors that activate gene expression (18, 19) . In our riboregulator system ( Fig. 1) , distinct promoters independently regulate the transcription of two RNA species-a cisrepressed mRNA (crRNA) and a noncoding, trans-activating RNA (taRNA). Initially, target gene translation of the crRNA is blocked by a stem loop, which spontaneously forms in its 5′-untranslated region (UTR), sequesters the ribosome binding site (RBS), and prevents ribosome docking; stem loop formation is mediated by a short sequence (cis-repressive sequence, ≈25 nt) located within the mRNA 5′-UTR that binds the RBS. The taRNA contains a sequence (≈26 nt) that is complementary to the cis-repressive sequence and is capable of activating translation. When both RNA species are expressed, the taRNA targets the crRNA and outcompetes the cis-repressive element, leading to stem loop unwinding, availability of the RBS for ribosome binding, and translation of the target protein. Recently, this system was applied as the basis for a genetic circuit that can count user-defined inputs (20) .
The riboregulator system possesses a unique set of collective features ( Fig. 1 ), which makes it an ideal synthetic biology platform for interfacing with and exploring different microbial systems. These features include component modularity, physiologically relevant protein production, leakage minimization, fast response time, tunability, and the potential to be scaled up to independently regulate multiple genes simultaneously. Here we apply the riboregulator system in a series of in vivo experiments aimed at demonstrating these advantageous features. We tracked GFP fusion protein expression from environmentally sensitive promoters in wild-type cells, highlighting the system's physiologically relevant protein production and component modularity. We also analyzed the systems-level biological response to expression of the CcdB toxin, illustrating the platform's low leakage. Additionally, we sensitively perturbed the response dynamics of a core biological response network following DNA damage, showcasing the tunable gene expression and fast response time one can achieve with the riboregulator. Finally, we computed orthogonal inputs that affect inner membrane permeability and outer membrane integrity, respectively, to combinatorially lyse cells, demonstrating how interoperable riboregulators can be used to independently regulate multiple genes inside a cell and create a programmable kill switch for bacteria. Together, these studies show how the riboregulator system facilitates microbiology experiments that would otherwise prove difficult to execute using commonly used methods and present an exciting synthetic biology tool for inducing rapid bacterial cell death.
Results and Discussion
Physiologically Relevant Protein Production and Component Modularity. The riboregulator platform is well suited for physiologically relevant expression of a target gene, an important factor when interfacing an artificial system with cellular networks (9) . Meaningful protein localization studies require tight control over fluorescent fusion protein expression at physiologically relevant levels where common technical issues (e.g., inclusion body formation and obscuring membrane localization with excess cytoplasmic fluorescence) are avoided. To demonstrate the effectiveness of our synthetic riboregulator system in this capacity, we used it to track the expression of TonB, a protein that bioenergetically facilitates iron import and exhibits a unique localization pattern (21) . The N terminus of TonB localizes within the cytoplasmic membrane, whereas its C terminus shuttles back and forth in the periplasm from the inner to the outer membrane (22) . Because GFP does not normally fluoresce in the periplasm (23) , an N-terminal GFP-TonB fusion was constructed; the fusion design was based on a previous study and included a short helical linker to enhance expression ( Fig. 2A) (22, 24) . The anhydrotetracycline (aTc)-inducible P LtetO-1 promoter (25) regulated crRNA and taRNA expression for the first series of experiments described below.
We consistently found that micrographs of fully induced MG1655ProΔtonB Escherichia coli cultures clearly showed proper localized fluorescence at the inner membrane by 1.5 h after induction ( Fig. 2B ). Conversely, we routinely observed dim fluorescence when MG1655ProΔtonB cultures were uninduced. Often, the native, untagged version of the target gene is knocked out in successful protein localization studies. To determine the potential influence of native TonB expression on the localization pattern of riboregulated GFP-TonB, we also monitored fluorescence in MG1655Pro E. coli. Upon induction, we found that there was no significant difference in the degree of localization or GFP-TonB fluorescence when the genomic copy of tonB was present or absent ( Fig. 2B ). These findings imply that intracellular localization dynamics of a riboregulated gene are not affected by the native expression of that gene, thereby highlighting the physiological relevance of the synthetic system. Moreover, these results suggest that riboregulated GFP fusion construct expression does not exert epigenetic effects on the natural system being explored.
Another important aspect of the riboregulator design is component modularity, which extends to the target gene and promoter elements. The modularity feature allows for the creation of basic sensors that use both synthetic and natural promoters to report on environmental conditions. Perhaps more importantly, this feature readily provides for the integration of a riboregulated gene of interest into the framework of natural response networks. We exploited the modularity of the riboregulation system by incorporating environmentally sensitive promoters-namely synthetic P LfurO (26) and natural pTonB (27)-as regulators of crRNA transcription. The transcriptional regulator Fur, which binds to Fur-operator sites in the presence of iron, represses both promoters (26) (27) (28) . Derepression of Fur-regulated promoters can be achieved by addition of 2,2′dipyridyl, an iron chelator that causes iron starvation.
After addition of dipyridyl, both environmentally sensitive riboregulator systems successfully sensed iron starvation, displaying strong fluorescence and proper localization of GFP-TonB ( Fig.  2C ). By retaining P LtetO-1 as the taRNA promoter, we controlled the sensitivity of the de facto iron sensor through the taRNA concentration. The micrographs in Fig. 2C were obtained following full induction of the taRNA, allowing us to observe the highest degree of fluorescence possible with chelator present. However, full taRNA induction may be responsible for the increased amount of background fluorescence in the no chelator cultures relative to the uninduced cultures in the previous experiment ( Fig. 2 B and C). Nonetheless, a significant difference between cells in the presence and the absence of iron chelator was evident, especially in the P LfurO setup.
GFP-TonB localization in the inner membrane was clearly observed without saturation of fluorescence, regardless of native TonB expression. To track a protein of interest at a high resolution, physiologically relevant gene expression is critical and renders knocking out the native gene unnecessary. Along these
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Fast Response Time Fig. 1 . The riboregulator and its features. Our riboregulator system regulates gene expression posttranscriptionally through the specific interaction between the crRNA and taRNA (9) . The cis-repressed mRNA (crRNA) is composed of the cis-repressive sequence (CR, yellow), the RBS (blue), a stem loop (light gray), and the target gene (red). The trans-activating RNA (black) contains the trans-activating sequence (TA, green) and the stem loop binding sequence (dark gray). To initiate translation, the taRNA binds the crRNA and grants the ribosome (brown circles) access to the RBS. lines, ectopic expression of a GFP reporter from our platform does not significantly alter the natural behavior of the system under study. Furthermore, exploiting component modularity by using iron-sensitive promoters allows for the integration of our fusion construct into the natural iron homeostasis regulon. This intertwining of a synthetic device with a biological response allows for measurement of the timing and quantification of gene expression. Thus, the riboregulator is an effective tool for precisely measuring regulon dynamics, as well as easily tracking related protein localization. With respect to biotechnology and biomonitoring applications, the designed component modularity dictates that the number of biosensor setups that can be constructed with a riboregulator is constrained only by the supply of identified, environmentally sensitive promoters.
Leakage Minimization. In the riboregulator system, cis-repression significantly suppresses target gene translation (9) , resulting in very low leakage. This suppression permits successful cloning and controlled expression of toxic proteins with high sensitivity at the mRNA level. The bactericidal effect of such proteins has rendered thorough in vivo, systems-level characterization of the pathways and networks leading to toxic peptide-induced cell death prohibitive, even in wild-type backgrounds. This is especially true of strains with impaired defense or recovery systems, where genetic analyses of the comparatively more vulnerable, mutant bacterial strains may provide opportunities to find important subnetworks or entirely alternative networks that may otherwise be masked or repressed by primary, global responses.
To illustrate the suitability of our riboregulator platform for the discovery of activated biological networks during cell death achieved by highly toxic proteins, we used it to tightly regulate the expression of CcdB, a potent, DNA-damaging toxin. Once free from CcdA, its cognate antitoxin, CcdB achieves its toxic effects via binding with the GyrA subunit of DNA-bound DNA gyrase (29, 30) . This interaction converts DNA gyrase into a protein mediator of cell death and results in DNA damage (31) , cellular filamentation (32), and the induction of the SOS DNA damage repair response (33) ; notably, these effects of CcdB poisoning have been explored in vitro or in unnatural in vivo setups.
Previously, we compared the effects of gyrase poisoning, by fluoroquinolone antibiotics and riboregulated CcdB, on survival and primary stress response activation in wild-type MG1655 E. coli (26) . The ability of the toxin to induce DNA damage was apparent in the strong up-regulation of SOS-related genes and the related decrease in viability (26) . In the present study, we transformed the CcdB riboregulator plasmid (Fig. 3A) into highly sensitive MG1063 E. coli to determine if our experimental platform was suitable for exacting systems biology-based determination of alternative sensing mechanisms, secondary response pathways, and subnetwork activation. Derived from the same parental strain as MG1655, MG1063 cells encode the mutant recA56 allele, which has been shown in vivo to be deficient in the RecA functions of recombination, induction of LexA cleavage and the SOS response, and SOS mutagenesis (34) .
Because MG1655 and MG1063 both lack the transcriptional repressor, TetR, CcdB crRNA was constitutively transcribed from the P LtetO-1 promoter (25) in our setup. As evidenced by the successful transformation of only those cells receiving the CcdB riboregulator plasmid (Fig. S2) , the translational repression afforded by our system efficiently prevented undesired CcdB expression, thereby demonstrating the effectiveness of the designed cis-repressive secondary structure and allowing for assays that explored the deadly phenotypic effect of CcdB in both strains ( Figs. S2 and S3 ). In addition to these assays, microarray analysis was performed to determine the transcriptome response of MG1063 cells to fully induced CcdB expression and to compare these expression changes to the wild-type MG1655 response. Significantly changing genes (z-score) were determined on a genewise basis, and microarray data were enriched by transcription factor (35, 36) and biochemical pathway classifications (37, 38) . By using this approach, we could focus on the regulators and biological function of those genes in our datasets to identify components of the physiological cascade that lead to CcdB-induced cell death in different bacterial strains and determine variations between their stress responses.
Systems-level transcriptome profiling of MG1063 cells uncovered a unique set of coordinated gene expression changes following CcdB poisoning in the absence of RecA functionality and an intact SOS DNA damage repair response (Fig. 3B ). As anticipated, we did not observe appreciable expression of SOS-related genes in MG1063 cells, but we did find significant and noncanonical upregulation of both aerobic (nrdAB) and anaerobic (nrdDG) ribonucleoside reductases (39) . In contrast, MG1655 cells exhibited up-regulation of only the aerobic ribonucleoside reductase operon along with SOS activation, suggesting that MG1063 cells sense both the need to synthesize nucleotides for (at least) DNA replication and a lack of their utilization, while seeking out alternative mechanisms to deal with this problem. Additionally, several interesting transcriptional changes with bioenergetic implications were also observed in MG1063 cells, namely up-regulation of fatty acid biosynthesis (Dataset S1), enterobactin iron-siderophore synthesis and DNA endonuclease (class I, endA; class IV, nfo) expression and down-regulation of DnaJ/DnaK/GrpE heat shock chaperone system expression and flagellum biosynthesis. Finally, among the unique transcriptional changes observed in wild-type MG1655 cells were significant down-regulation of the PhoPQ two-component Mg 2+ sensor and cysteine biosynthesis-related gene expression.
Leakage minimization and a tight off state make our riboregulator system ideal for use in detailed in vivo analyses (e.g., transcriptome profiling and determination of time-or cycledependent effects) of, in principle, any protein, regardless of its toxicity or the genetic background of the host cell. Here, riboregulation of CcdB permitted the identification of the core pathways and primary responses following gyrase poisoning in wild-type cells and, perhaps more importantly, the discovery of potentially critical secondary biochemical effects in a strain where the primary response to DNA damage is genetically impaired. Further research is needed to determine whether these secondary networks (or potential subnetworks) are simply backup responses or are supporting responses masked by the SOS network.
Tunable Gene Expression and Fast Response Time. The riboregulator can be used to achieve precise levels of gene expression in a tunable, reliable fashion, much like a rheostat. Tunable gene expression is critical if one is aiming to perturb a system with high precision and obtain desired concentrations of proteins within a target network. Accordingly, the ability to vary the concentration of such proteins may result in graded genetic and phenotypic responses. Thus, our system facilitates more sensitive analyses of a target network than typical experiments that rely upon overexpression or gene knockouts alone.
We used the riboregulator to tunably regulate the mutant repressor, LexA3 (Ind−), to demonstrate the system's ability to sensitively and rapidly interrogate endogenous genetic networks. Under homeostatic conditions, the transcription factor LexA represses the genes of the SOS response regulon, including itself (40) . Upon recognition of DNA damage, LexA is cleaved through autocatalysis promoted by an activated form of RecA, a multifunctional regulator (41) . LexA3 (Ind−) is a single amino acid mutant of LexA that is resistant to autocatalytic cleavage and therefore is a potent suppressor of the SOS response (42) . In our study, LexA3 expression was riboregulated in MG1655Pro E. coli (Fig. 4A) , and norfloxacin, a fluoroquinolone antibiotic, was used to generate DNA damage, thereby inducing the SOS response. MG1655Pro cells encode tetR and lacI q (providing increased LacR), affording for particularly tight repression of the aTcinducible crRNA promoter, P LtetO-1 , and the IPTG-inducible taRNA promoter, P LlacO-1 , respectively (25) .
We first determined the phenotypic response to riboregulated repressor expression by measuring the survival of norfloxacintreated cultures. Full induction of the LexA3 repressor during drug treatment dramatically decreased survival by almost 3-log at 90 min posttreatment, compared with <1-log in cultures in which repressor expression was not induced (Fig. 4B ). This decrease in viability was apparent at 30 min posttreatment, illustrating the fast response time of riboregulation. Importantly, we observed a graded phenotypic response when we tuned the concentrations of aTc or IPTG, thus lowering the levels of crRNA or taRNA, respectively.
To characterize the ability of our system to alter the response dynamics of a specific biological network, we performed quanti-tative PCR (qPCR) on four LexA-regulated genes that are highly expressed during SOS response induction: recA, recN (DNA repair recombination protein), sulA (cell division inhibitor), and umuC (important for SOS mutagenesis and repair) (40, 43) . Norfloxacin was added to cultures to induce the SOS response, and the relative mRNA concentrations for these four genes were measured at various LexA3 expression levels. As expected, when repressor expression was not induced, mRNA transcript levels for each network gene studied increased dramatically, up to 37-fold by 90 min posttreatment in the case of sulA (Fig. 4C) . Full induction of the riboregulator not only prevented this jump in relative mRNA levels, but also reduced the number of network mRNA transcripts between 2.5-and 9.5-fold relative to untreated cultures. Therefore, our qPCR data were consistent with the observed decrease in cell viability. Again, the rapid response time of our system was demonstrated by the knockdown of transcript levels by 30 min posttreatment.
We also explored the effect of decreased LexA3 expression on SOS gene expression by tuning the taRNA concentration. For each studied gene, we established a reliable graded response of relative mRNA levels at 30 min posttreatment (Fig. 4C) . Interestingly, we found that regardless of repressor expression levels (i.e., high or low), relative mRNA concentrations converged to a minimum level by 90 min posttreatment. Low repressor expression (high crRNAlow taRNA) led to a temporal delay in the drop of mRNA transcript levels (Fig. 4C ), and this delay was manifested in the almost 1-log increase in survival of the corresponding sample at 30 min posttreatment (Fig. 4B) . Thus, tinkering with response dynamics directly impacted the survival phenotype. These findings indicate that the riboregulator system can be used to test the robustness of a network to perturbations in the timing or magnitude of component gene expression, synthetically simulating network behaviors potentially elicited by volatile, nonlaboratory conditions. Although all four genes investigated exhibited a similar response to repressor expression after norfloxacin treatment, the riboregulator system preserved the natural differences in gene expression among these regulon members and, presumably, within the network (Fig. S4 ). For example, recA mRNA was significantly more abundant than umuC mRNA, regardless of the LexA3 expression level (40) . Thus, riboregulated repressor altered response dynamics while preserving the natural architecture of the network.
Tunability facilitates detailed study of networks and can be used to analyze threshold responses and identify complementary networks. Furthermore, tuning within a physiologically relevant range of expression is needed to avoid attaining only simple network responses, e.g., step functions. Riboregulation of a repressor rapidly and precisely influenced our model network during a stimulus to achieve graded transcription rates of network genes and graded levels of a phenotypic response. The repressormediated network manipulation approach can be extended to tunably repress any gene by modifying its promoter to include binding sites for a repressor. Using this type of setup, individual nodes of a response could be dampened, therefore probing a natural circuit by "shorting" particular connections.
Independent Regulation of Multiple Genes. Different variants of the riboregulator platform can be constructed by exploiting the sequence specificity of RNA interactions (9) . Minimal reciprocal changes in the cis-repressive and trans-activating sequences give rise to orthogonal riboregulator systems, whereby induction of a specific taRNA will affect only its cognate crRNA. From a synthetic biology viewpoint, the orthogonal riboregulators can be designed to integrate multiple inputs and function as logic gates. In principle, it is feasible to use these riboregulators to create a fast, powerful, programmable kill switch for microbes.
To demonstrate the potential of using orthogonal riboregulators to rapidly kill bacterial cells through AND gate logic, we used the λ-phage lysis genes: λR, λR Z , and λS (44) . λR, an endolysin, and λR Z , an endopeptidase, degrade peptidoglycan (PG) but cannot access the PG layer without the holin λS permeabilizing the inner membrane (45) . Previous studies have shown that cell lysis occurs only when both λR and λS are present at significant concentrations (46) . In addition, past work has revealed that λR expression alone has no effect on cells (47) , and λS expression alone results in a loss of cell viability but no cell lysis (46) . Although not required for lysis in most synthetic setups, λR Z overlaps λR in the λ-phage genome and is necessary for cell lysis in λ-phage infected cells (46, 48) . Therefore, we cloned λR-R Z and λS under the control of two different riboregulator variants; these two independent systems were subcloned into one plasmid to ensure that both variants were present at the same copy number (Fig. 5A ). This riboregulated AND gate requires aTc, IPTG, and arabinose to flip the kill switch and lyse E. coli.
We measured optical density (OD 600 ) to monitor the potency of the kill switch. Full activation of λR-R Z and λS resulted in a sharp decrease in OD 600 starting at ≈30 min postinduction (Fig. 5B) ; the occurrence of lysis was confirmed by microscopy (Fig. 5C ). The cell wall was weakened by endolysin activity, and the rod shape of E. coli devolved to a spheroid shape and eventually collapsed into a pile of debris. When expressing only λR-R Z or λS, the steep decline in OD 600 was not observed. In these latter experiments, we observed a small decrease in growth rate and no lysis (Fig. 5B ). Because aTcinducible P LtetO-1 (25) regulates both λR-R Z and λS transcription, these results show that the specificity between the taRNA and cognate crRNA, plus the inhibition of translation from the cisrepressive element, is sufficient to achieve independent regulation of the two genes and keep the uninduced kill switch tightly off.
The independent control afforded by orthogonal riboregulation is also particularly useful for studying a biological response stimulated by a combination of factors; e.g., separately regulating the stimuli enables insight to be gained into the robustness of the response as well as the relationship between the individual inputs. We exploited this feature to determine the effect on lysis of separately tuning the concentration of λR-R Z and λS. Decreasing the λS concentration at a constant level of λR-R Z induction resulted in significant reductions in the magnitude of cell lysis as measured by OD 600 (Fig. 5D ). Comparatively, the λS concentration was held constant and a similar range of λR-R Z expression was established. As observed in Fig. 5E , there was no significant difference in OD 600 between high and low induction of λR-R Z . These results suggest that the holin concentration is the most important determinant in the degree of lysis observed.
The highly specific interactions between complementary crRNA and taRNA sequences enable the construction of simple logic circuits, such as AND, OR, NAND, and NOR gates. In this study, an AND gate functions as a programmable kill switch. By computing three inputs, the kill switch exploits leakage minimization to keep the cells alive until the precise induction conditions are met, at which point the switch rapidly induces widespread lysis. Due to the system's component modularity, the kill switch can be programmed to use any inducer, any change in environmental conditions, or any combination of the two with the appropriate promoters. Going forward, the flexibility and effectiveness of our cell suicide platform make it an exciting tool for biotechnology applications.
Conclusions
In this work, we demonstrate and harness unique features of the riboregulator, an RNA-based, synthetic gene expression system. The advantages of riboregulation over other gene expression systems include expression of physiologically relevant amounts of a target gene, modularity of both the crRNA and the taRNA promoters, tight off state that minimizes leakage, fast response times, tunable regulation of gene expression, and the ability to combine orthogonal riboregulators to independently control the expression of multiple genes. We successfully leveraged these features to interface our platform with microbial physiology in a variety of manners, demonstrating that the platform is appro-priate for a number of advanced microbiology experiments and developing a potent, programmable kill switch for bacteria.
The specific RNA-RNA interactions used by the riboregulation platform during trans-activation of gene expression provide a powerful means for the exploration of bacterial gene networks and response pathways. Perhaps more importantly, as demonstrated in our CcdB toxin and cell lysis experiments, cisrepression of mRNA translation provides tight enough regulation for performing exacting microbiological tasks, despite the absence of transcriptional control. On the basis of designed modularity, however, the ability to incorporate any promoter into the system opens up countless additional possibilities for unique experimental setups and biotechnology applications. Expanding the currently limited list of well-characterized natural and engineered promoters is needed to improve and extend the already considerable utility of the platform. As such, the significant present capacity of the synthetic riboregulator device to successfully integrate into microbial physiology, and to track, tune, and terminate biological systems, can be enhanced only by additional layers of transcriptional control.
Materials and Methods
Plasmid Construction, Strains, and Reagents. Basic molecular biology techniques were implemented as previously described (49) . On the basis of the published design (9), we constructed various riboregulator systems (Table S1) 
